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PART I 
Catalytic Brain Iron 
Merritt,  Moore,  and  Solomon  (1933) have reviewed literature  dealing 
with the occurrence of precipitated spicules of iron in the brains of patients 
who have  died with  dementia paralytica  (tertiary  brain  syphilis).  The 
following quotations are from their paper,  which should be consulted for 
citations. 
"Iron pigment is found in all normal brains  in a  fairly characteristic  distribution. 
This iron is spoken of as endogenous iron  ....  When normal brain is treated with the 
Turnbull-blue method this iron stains in a rather diffuse manner and is either free in the 
tissues  or within  the oligodendroglia.  Wuth has studied  the distribution  of this iron 
chemically and has shown that the amount found in the different regions of the normal 
brain  parallels  the  results  obtained  by  the  histopathologic  method  (Turnbull-blue 
reaction) .... 
'In dementia paralytica the iron is found in a very characteristic [and different] manner 
as follows: when brain tissue is stained with  the Turnbull-blue method small spicules 
of iron pigment are found in the cells of the blood vessel walls and in the body or processes 
of the microglia cells.  This iron is not localized in any one portion of the brain but is 
distributed diffusely through the cortex, basal ganglia and other regions.., and grossly 
parallels  the intensity of the specific  inflammatory process  .... 
'As to the specificity of the reaction it must be stated  that  Spatz and Metz have 
described similar iron deposits only in the brain of patients who died of African sleeping 
sickness,  which, it should be remembered,  is  a  trypanosomal disease and is  often in- 
distinguishable  histopathologically  from  dementia  paralytics  .... 
'In dementia paralytica iron deposits are found chiefly in the cortex and in the corpus 
striatum.  Jahnel... states,  'The iron reaction is positive without exception in typical 
dementia paralytica.'... In slowly developing or in 'stationary' cases, the iron reaction is 
commonly very weak and at times one may miss it .... 
'The source of the pigment is still not dear.  Its origin from blood cells is not accept- 
able because usually one does not find hemorrhage, diapedesis or red cells  undergoing 
phagocytosis in cases of dementia paralytica  .... 
'This question of iron pigment in dementia paralytica is of paramount importance in 
relation to the pathologic process of dementia paralytica  .... ' " 
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We wish to indicate that the above findings are consistent with the view 
that the precipitated iron spicules found in brains of general paretics come 
from a  transformation  of part  of the  catalytic iron of the brain  to  a  pre- 
cipitable inactive form as a  result of the infection.  This iron is normally 
present in hematin derivatives such as cytochrome.  The brain is especially 
well supplied with cytochrome-cytochrome oxidase. 
Menkin  (1935),  Menkin  and  Talmadge  (1935),  and  Lorenz  and 
Menkin  (1936)  have  discussed  the  development  of  iron  pigment, 
which does not come from hemoglobin break-down, accompanying a variety 
of pathological conditions in tissues other than the brain. 
If our view is correct, the total iron in the brains of general paretics and 
controls should be the same.  If the iron granules  of paretic  brains  come 
from the blood, the total brain iron of this group should be larger.  Freeman 
(1930)  showed  that  schizophrenic  patients  have  a  significantly  smaller 
amount of total brain iron than have other patients.  In his published data 
the analyses of eight cases of general paresis are, fortunately, included.  We 
have eliminated the schizophrenic group (having low iron)  and one case of 
pernicious  anemia  and  have  averaged  the  remaining  twenty-four  non- 
general paresis cases as controls.  This control group gives a mean of 47.6 
mg.  Fe per  100  gm.  dried  cortex,  with  a  standard  deviation  of  ±0.554. 
The eight general paretics give 48.3 mg.  Fe per I00 gin.  dried cortex with 
standard  deviation of  ±0.891.  The  difference of the means is 0.9.  The 
a difference (square root of the sum of the two standard deviations squared) 
is  1.05.  Hence the mean  difference of 0.9 is entirely without significance 
and the total iron content of the brains of the paretic group and the con- 
trols is not different. 
On the physiological side, studies of temperature  characteristic of alpha 
brain wave frequencies in normal man and in general paretics, whose tem- 
peratures were raised by diathermy, furnish direct evidence for the view that 
catalytic iron is inactivated in advanced stages of paresis.  The Arrhenius 
equation, v  =  ze -~/Rr,  describes the  speed of a variety of chemical processes 
as a  function of temperature,  where v is chemical velocity, e is the base of 
natural logarithms,  T  is the absolute temperature,  z is a  constant, R  is the 
gas constant, and # is the critical thermal increment or energy of activation; 
i.e.,  the amount of energy per mol above the average energy in the system 
necessary to  render  molecules reactive. 1  The values of /z  recorded in the 
1 In physical chemical literature  E is used in place of ~ for the energy of activation. 
To avoid the implication that the ~ of biological processes is necessarily identical with 
the energy of activation as used by the physical chemists, Crozier has preferred to speak 
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literature for cell respiration in vitro for seventy-four different sets of ex- 
perimental data fall in some six modes (two of which are very distinctive) 
when  their  distributions  are  plotted  (Hoagland,  1936a).  The  principal 
modes are twenty values (27 per cent) at  16,500  4- 500  calories; thirteen 
(18 per cent) at 11,500  ~  500 calories; and four (5 per cent) at 8500 4- 500 
calories.  Earlier Crozier (1925-26) made a distribution plot of some 360 # 
values for diverse physiological frequencies (heart rates, respiratory move- 
ments, etc.  of poikilothermal animals) which also conform to the Arrhenius 
equation.  The modes are of the same order as are found for cell respira- 
tion.  For these data ninety-six (twenty-seven per cent) occur at 16,500  4- 
1000 calories; eighty-one (12 per cent) at 11,500  4- 1000 calories; and thirty- 
two (nine per cent) at 8000 4- 500 calories.  Thus for different physiological 
frequencies 58 per cent of 360 #  values fall within the 8,  11,  16 thousand 
calorie groups and 24 per cent fall within other minor but definite modes. 
For direct respiration determinations of CO2 production and O3 consump- 
tion  50  per  cent  of  seventy-four determinations fall  within  these  three 
major groups and 34 per cent in minor/~ groupings.  Chi square tests have 
demonstrated the statistical reality of the modes (Hoagland, 1936 b). 
If frequency (with the dimension of reciprocal time or rate) be propor- 
tional to some underlying chemical velocity, we should expect to get the 
same #  value for frequency as for a  direct determination of the velocity. 
This follows from the nature of the equation. 
If v  =  ze  -~/Rr, taking logarithms we obtain, log v  =  c  -  #/2.3 RT, and, 
if the data fit the equation, a plot of log v against 1/T should give a straight 
line,  with  intercept  c  and  negative  slope  #/2.3  R.  If  the  frequency is 
proportional to a chemical velocity,  f  =  kv  =  kze  -v/Rr  =  ae  -~/Rr, and again 
taking logarithms we get, loaf =  d  -/~/2.3  RT.  Thus a plot of loaf vs. 
1/T would give the same !~ value as if we plotted log v vs.  1/T.  In a log 
frequency plot the intercept on the ordinate would be at c' instead of at c, 
i.e. the two plots would give parallel lines of the same negative slope equal 
to/~/2.3 R, or/~/4.6, since R is 1.99 or 2 calories per mol per degree. 
To  account for the often recurring #  values in  different protoplasmic 
systems, Crozier (1924-25) originally suggested that the modal values may 
correspond to energies of activation of specific catalyzed links in sequential 
steps in chemical chains constituting cellular dynamics.  The wide recur- 
rence of certain respiratory enzymes in highly diverse tissue systems is in 
present writers refer to ~ as activation energies for reasons that will appear in the fol- 
lowing  pages although it should be borne in mind that the concept of energy of activation 
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conformity with this view.  Catalysts promote reactions by so orienting 
molecules that particular bonds can be broken in a way not possible except 
by a marked increase in kinetic energy produced at elevated temperatures, 
and on theoretical grounds there is reason to expect the catalyst to deter- 
mine the ]z for certain types of reactions (Hinshelwood, 1929).  In a chain 
of catalyzed reactions we should expect the slow link to act as master re- 
action or chemical pacemaker, thus determining the velocity as a  whole. 
If in different cell systems the slowest link is now one and now another of a 
few enzyme systems common to many different tissues, a  multimodal dis- 
tribution  of ~  values,  such  as  has  been obtained,  would be  anticipated. 
Moreover experimental conditions altering the ratio of velocity constants of 
the respiratory steps might be found to shift the/z value from one of the 
prominent  characteristic  group  values  to  another.  Such  experimental 
shifts of 1~ from one of the 8, 11, or 16 thousand groups to another have been 
described (Hoagland, 1936 b for citations). 
Most physiological rates conform to the Arrhenius equation in that they 
give rectilinear relations when log rate is plotted vs.  1/T.  For systems 
involving  two  or  more  concurrent  chains  of  processes  with  different /~ 
values, each process of which contributes appreciably to the measured rate, 
we should not expect a  rectilinear relation.  In such cases the Arrhenius 
plot gives a  curve which is concave upwards  (Crozier,  1924-25). 3  When 
such concurrent processes are analyzed separately they are found to  give 
rectilinear relations (Hinshelwood, 19293 for examples).  RunnstrSm (1930) 
has shown that the respiration of fertilized Arbacia eggs involves two con- 
current processes.  Korr (1937)  has found the type of concave curve to be 
expected under these conditions.  From Korr's data Crozier (unpublished) 
has calculated the effects of temperature on each of the two independent 
concurrent chains of processes separately.  These separated processes give 
excellent rectilinear relations according to the Arrhenius equation.  The/~ 
value  for  the process  involving the  cyanide-sensitive system is  approxi- 
mately 17,000 calories, that for the other concurrent chain is approximately 
8,000 calories. 
Hoagland (1936 a) reported that normals and early general paretics give, 
for alpha brain wave frequencies/~ =  8000  4- 200 calories; more advanced 
paretics give/~  =  11,000  4- 300  calories, and very advanced paretics give 
16,000  4- 300 calories.  The results suggest that these/z values are energies 
of activation of particular chemical pacemaker links in respiratory reaction 
Crozier, W. J., 1924--1925, J. Gen. Physiol., 7, 192. 
s Hinshelwood, C.  M.,  1929,  The kinetics of chemical change in gaseous systems, 
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chains  in  the  cells  producing  the  rhythms.  Evidently  the  advancing 
spirochete infection shifts  the  chemical pacemaker from one reaction to 
another. 
The oxidation of ferrous to ferric iron in vitro requires an energy of acti- 
vation (~) of 16,200 ±  calories (Noyes and Wason; Hood et al.,  cited by 
Crozier, 1924-25).  In many cell respiratory processes it has been demon- 
strated by direct chemical methods that an iron catalyzed process is often 
the limiting factor (Warburg, 1935) and it is known that the catalytic iron 
undergoes oxidation and reduction.  This is, "incidentally,  consistent with 
the predominance of occurrence of approximately  16,000  calories among 
physiological ~ values. 
In view of these findings a  series of experiments were carried out by 
Hoagland and his  collaborators  to  test  further metabolic factors  under- 
lying central nervous rhythms and the following results were obtained: 
Lowering blood sugar by insulin below a  critical level, and thus brain 
sugar,  causes  the  alpha frequencies in man  and  dogs to  fall.  The  fre- 
quencies recover when  sugar  is  injected  (Hoagland  et  al.,  1937; 1939). 
Brain O~ consumption follows the curve of sugar after insulin, and the alpha 
frequency  curve,  within  certain  limits,  parallels  both  the  other  curves 
(Himwich et al., 1939).  Dinitrophenol and thyroxin, well known metabolic 
stimulants, cause the frequencies to increase (Rubin, Cohen, and Hoagland, 
1937;  Hoagland,  Rubin,  and  Cameron,  1939).  Pentobarbital  sodium, 
which inhibits  brain  respiration  in  vitro,  slows  the  cortical  frequencies 
(Hoagland et al., 1939). 
It should be borne in mind that these findings apply only to frequencies 
(i.e.,  rates)  and not to the amplitude factor or to the total energy of the 
brain waves, as may be determined by the type of analyzer described by 
Grass and Gibbs (1938).  Introduction of variables other than that of rate 
in these particular considerations  would  not  be  pertinent  for  us.  The 
above  experiments have  been  carried out  on  men  or  animals  showing 
clearly countable alpha rhythms.  The probable  errors of frequencies in 
50 seconds of such rhythms in man are less than  1 per cent (Hoagland, 
1936a). 
These findings are of course not to be interpreted as meaning that  the 
only  modifiers of  brain  wave frequencies are  necessarily changes in  cell 
respiration.  Afferent stimulation, which modifies frequencies, may do so 
by locally changing cell respiration or by modifying the electrical constants 
(impedance) of the cells or their connections through permeability changes. 
Absolute differences in frequencies of different cell groups also are not to be 
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tion,  but  rather  to  probable  differences in  structure  of the  cell walls  or 
connecting fibers.  These  considerations  in  no  way  militate  against  the 
view that certain relative frequency changes under standardized conditions 
are due to changes in rates of cell metabolism.  The waves may be regarded 
as arising in the cells independently of afferent connections, or, less likely, 
as  due  to  closed  or  "reverberating"  circuits  set  off initially  by  afferent 
stimuli.  In the latter case oxidative recovery from the refractory state of 
the circuit may be pictured as important in determining the frequency. 
It  is  probable,  from  what  is  known  of  other  cells,  that  cortical  cells 
produce potential gradients as a by-product of their respiratory metabolism. 
These may be of the nature of diffusion potentials across the cell membranes 
which possess definite electrical impedance and which discharge when the 
potentials reach a critical value.  In such a system the discharge frequency 
depends on the speed with which the metabolic factor can load the capacities 
of the cell walls  to their critical discharge potentials.  The absolute  fre- 
quency would thus depend on the rate of cellular respiration and on the 
electrical impedance of the cell walls.  If this last be statistically constant 
for a  particular group of cells under the conditions of the experiments the 
frequency  should parallel,  and be a  measure of, cortical respiration.  The 
nature of electrical synchronization between the cell units is a  matter with 
which we are not here concerned. 
If the general view outlined above is correct it should be possible to test 
it by obtaining a  simple two-component oxidative enzyme system acting 
sequentially, containing one of the dehydrogenases common to brain, and 
also cytochrome-cytochrome oxidase which is plentifully present in brain. 
By  selectively poisoning one  or  the  other  of  the  components  and  thus 
making more or less of each component available, it should be possible to 
shift the #  for O~ uptake from one of two of the principal modal values to 
another  characteristic  of  the  slow  step  and  independent of  the  absolute 
speed of 02 consumption.  When the cytochrome system is made the slow 
step by reducing some but not all of its activity with a poison such as cya- 
nide,  which  does not  affect  the  dehydrogenase link,  the  theory  requires 
that the/~ value be approximately 16,000 calories. 
PART  II 
Activation  Energies  of Chemical Pacemakers 
Sizer  (1937)  and  Gould  and  Sizer  (1938)  have  demonstrated  that  /~ 
values of biological processes may be indicative of specific enzymes.  Sizer 
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gives a/~ value of about 12,000 calories, which is independent of pH changes 
ranging between 3.2  and 7.9  units and is not altered by the presence of 
electrolytes.  Gould and Sizer have shown that the decoloration of methyl- 
ene blue by the action of Escherichia coli in the presence of ten widely differ- 
ing substrates yields a/~ value of 19,400 calories for the dehydrogenations 
and is thus independent of the gross nature of the substrate (see Moelwyn- 
Hughes, 1933). 
If some process catalyzed by an enzyme system containing two or more 
components acting in  sequence were  to  be  studied in  vitro,  it  should be 
possible to obtain different/~ values for the process by partially poisoning 
different components of the system, thus making now one and now another 
step the slow one.  Furthermore, if one of these components be an iron- 
containing enzyme, one of the two/~ values may be expected to be 16,000 
4-  calories (see above).  The objection might be raised that the enzyme- 
catalyzed processes in vivo need not necessarily correspond to such processes 
in ~itro.  This objection has been met by Sizer (1938)  who has shown that 
the invertase inversion of sucrose by living yeast cells  and by yeast cells 
killed in toluene yields identical/~ values. 
Such a desired enzyme system may be extracted from the beef heart by 
methods described by Stotz and Hastings (1937).  This system has been 
shown by these workers to oxidize succinate to fumarate and to involve at 
least  two  components,  a  dehydrogenase  and  cytochrome-cytochrome 
oxidase.  The reaction for our purposes may conveniently be written as 
follows: 
C00H  C00H 
l  l 
CH~  CH 
i  fl 
CH2  Succino-  CH 
[  dehydrogenase  [ 
COOH  COOH 
+  2H  +  O  *  H~O 
Cytochrome- 
cytochrome 
oxidase 
In  this reaction succinic acid is oxidized to  fumaric acid,  and oxygen 
activated by the oxidase system is consumed.  The oxygen combines with 
hydrogen from the succinate activated by its dehydrogenase.  The system 
is of special interest since it is almost universally present in tissues and 
plays a prominent r61e in carbohydrate metabolism (Szent-Gy~rgyi, 1937). 
Both  succino-dehydrogenase  and  cytochrome-cytochrome  oxidase  are 
amply present in  brain  (Page,  1937),  thus directly relating matters dis- 
cussed in Part I  with present considerations. 
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is free of fumarase, since the amount of fumarate formed agrees stoichio- 
metrically with the oxygen consumed, indicating that none of the fumarate 
formed by  the  oxidation  of  succinate  is  hydrolyzed to  malic  acid.  (2) 
The reaction follows first order kinetics.  The value of the velocity con- 
stant does not deviate from the mean significantly for the first 85 per cent 
of the reaction, thus indicating that there is no destruction of the enzyme, 
at least for the first 85 per cent of the reaction.  (3) The addition of 6.0 X 
10  -6 ~  NaCN or 2.0 X  10  -5 ~  selenite per 0.5 ml. enzyme solution stops the 
oxidation of succinate completely.  (4)  Oxidase activity can be studied in- 
dependently, since cytochrome-cytochrome oxidase can oxidize p-phenyl- 
enediamine without a  dehydrogenase and the dehydrogenase activity can 
be studied independently if a  hydrogen acceptor, such as methylene blue 
requiring no  activating catalyst be substituted for oxygen and the cyto- 
chrome system.  These studies show that  the  addition of 6.0  X  10 -s 
NaCN  stops  the oxidase  activity completely and  does not  diminish  the 
dehydrogenase activity, while the addition of 2.0  X  10  -s M selenite stops 
the dehydrogenase activity completely and does not diminish the oxidase 
activity.  (5)  The  addition  of  less  NaCN or less  selenite  partially  and 
selectively inactivates one or the other of the components. 
These observations show that the oxidation of succinate to fumarate by 
the beef heart extract proceeds in at least two steps.  Two different enzymes 
are required, which act sequentially.  If the view is correct that in such a 
system the speed of the slower step determines that of the overall reaction 
(in this case the rate of oxygen consumption), and if/~ values are associated 
with enzymes as discussed above, then we may expect it to follow that (1) 
the  enzyme system as extracted from beef heart  should yield a/~  value 
characteristic of the particular step which is the slower.  (2)  By partially 
poisoning the other (faster) component of the enzyme system, a different/~ 
value  corresponding to  this  now  slower  component should  be  obtained. 
(3) This shift in/~ should come abruptly with increasing concentrations of 
the poison.  (4) The/~ value should shift back to the original, if both com- 
ponents are poisoned such that  the original slow step is  restored to  this 
position.  (5) A  /~  value  of about  16,000  should  be  obtained  when the 
cytochrome-cytochrome oxidase component,  which  contains  catalytically 
active iron, is poisoned sufficiently to make this step the slow step. 
The investigation was undertaken to determine whether these deductions 
could  be  verified  experimentally.  All  of  the  five  points  have  been 
tested and the results have been found to conform entirely to the predic- 
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Proc~ur~ 
Preparation  of Enzyme.--The method of Stotz and Hastings was employed without 
modification in extracting the enzyme system from beef heart. 
Measurement  of  Oxygen  Consumption.--Reactions  were  carried  out  at  constant 
temperature in  Eflenmeyer type Warburg vessels, and  the oxygen consumption was 
measured manometrically.  Each vessel contained 1.5 ml. M/15 phosphate buffer (pH 
7.4), 6.0  ×  10  -5 ~z sodium succinate, NaCN, or selenite in those experiments involving 
the poison technique, and enough distilled water to bring the volume up to 2.5 ml.  In 
the side arm was placed 0.5 ml. of the enzyme extract.  The vessels were adapted to the 
temperature of the bath for at least 10 minutes before starting the reaction.  It was 
found  that  for  speed and  accuracy  of measurement,  a  mixture  of buffer,  succinate, 
distilled water, and poison (whenever used), could be prepared a day or two previous to 
the experiment, and 2.5 ml. of this mixture pipetted into each vessel. 
To start the reaction it is necessary to take the vessels out of the bath and tip them 
to mix the enzyme with the rest of the reaction mixture.  This takes some seconds, and 
since there may be as many as five reaction vessels in use simultaneously, the last reac- 
tion may not be started until as much  as 45 seconds after the first.  Errors in time 
measurements due to this factor were eliminated to a great extent by taking the readings 
in the same order in which the reactions were started.  Since this takes approximately 
as much time as starting the reaction such errors could not have been greater than 10 
seconds.  Furthermore, taking the vessels out of the bath produces slight temperature 
changes.  For these two reasons accurate measurements at the very beginning of the 
reaction could not be made.  Readings were taken every 5 or 10 minutes. 
Determinations at a  significant number of different temperatures were carded out 
within as short a period as possible (15 hours), and the first determination usually was 
repeated to ascertain that the activity of the enzyme had not changed appreciably during 
the day.  If this change was over 10 per cent, the experiment was discarded.  Usually 
the change was much less than this.  To compensate for these errors, temperatures were 
selected at random throughout the day. 
Measurement  of  Velocities  of Reactions.--It  has  been  mentioned  before  that  this 
reaction, if carried out under the experimental conditions specified by Stotz and Hastings 
follows a first order equation.  It is obvious, however, that the reaction is not quite so 
simple, and there is no justification to expect it to follow this equation under varying 
conditions produced by poisoning the enzyme.  It was desirable, therefore, to have some 
method other than the calculation of the velocity constant to determine the speed of 
reaction.  This  was  done  in  the  following manner.  The  oxygen  consumption  was 
plotted against time for each set of determinations.  A family of curves was thus ob- 
tained.  All these show an initial lag, followed by a portion of the curve which is almost 
linear.  The slopes of the curves at some point within this range can be determined 
rather accurately with a  tangent meter giving directly the velocity of the reactions in 
c. ram. O~/min.  The point of 120 c. ram. of oxygen consumption was taken ineverycase 
for this determination.  This point is far enough along the reaction to be free from the 
effect  of  the  "initial  lag,"  and  not  too  far  along  to make the determination time 
consuming. 
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above and logarithms of  these speeds plotted against the  reciprocal of  the  absolute 
temperature.  Single experiments contained  no  more  than  seven points  and  usually 
only five.  It was, therefore, desirable to put several of these experiments together to 
obtain composite # plots.  Since absolute rates vary greatly from experiment to experi- 
ment, this had to be done by shifting the individual lines along the log V axis.  The 
lines were fitted by "eye" and their slopes determined directly from the graphs.  These 
slopes are negative, and, as shown in the preceding paper, are equal to M2.3R or, 
~  2.3R  X slope =  4.60 X slope. 
RESULTS 
Reaction  Velocities 
Fig. 1 shows typical oxygen consumption curves for a series of determina- 
tions at different temperatures in a  single experiment with an unpoisoned 
enzyme system.  The velocity of each reaction was determined at the point 
TABLE  I 
Temperature  Velocity  of reaction 
°C. 
20 
25 
28 
32 
37 
4O 
c.mm.  02/mi*. 
5.76 
8.32 
9.20 
12.4 
15.0 
18.0 
of 120 c. mm. oxygen consumption, indicated on the graph by the horizontal 
line.  The results are given in Table I. 
Effect of Addition of Succinate, and of Incubation of the Enzyme with Cyanide, 
on the Velocity of the Reaction 
Before discussing the results of the temperature studies, it is necessary to 
mention two experiments which were undertaken in anticipation of certain 
objections which might  be  raised.  Although  Stotz  and  Hastings'  work 
offers definite evidence that the enzyme is not destroyed in the course of 
reactions, it was thought desirable to test this point further by the addition 
of succinate to the reaction after it had progressed for some time.  Further- 
more, it was important to know whether incubation with NaCN for varying 
lengths of time would influence the rate of reaction.  Since reactions at 
low temperatures take much longer to  reach the desired point,  it  is  ob- 
vious  that  progressive poisoning of the enzyme would introduce  serious 
complications. "rIME: 
FIG.  1.  Reaction curves for a single experiment with unpoisoned enzyme at different 
temperatures.  The  horizontal  line  indicates  the  points  at  which  velocities  were 
measured. 
// 
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FIG. 2.  Effect of addition of succinate to the reaction mixture at different intervals 
in  the  course of  reaction.  •  =  control.  A, •  =  4  X  I0  -~ M  succinate  added  at 
points indicated on the graph. 
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To test the effect of addition of succinate the following experiment was 
carried out.  Four vessels were prepared, the first two (controls) containing 
1.5 ml. buffer, 0.3 ml. of 0.2 ~  succinate, and 0.7 ml. distilled water along 
with  0.5  ml.  enzyme  in  the  side arm.  The  other  two  contained  1.5  ml. 
buffer, 0.3 ml. of 0.2 M succinate, 0.5 ml. distilled water, and 0.5 ml. enzyme 
along with 0.2 ml. of 0.2 ~  additional succinate in the side arm.  The vessels 
were placed in the constant temperature  bath at 37°C.  After 15 minutes 
of adaptation  the  reactions  were  started  in  the  first  two vessels and  the 
course of the reaction was followed for 75 minutes.  The course of the re- 
action in the other two vessels (Nos. 3 and 4) was followed for 25 minutes 
before the  addition  of succinate from the side arm.  It was thus possible 
to superimpose the reaction curves of vessels 3 and 4 before the addition of 
TABLE  II 
January  29,  1939.  ttnzym~ Prepared  January  27.  2.4  X  10  -7  M  NaCN  added. 
Temperature  37°C. 
Time of incubation with NaCN at 37°C. before beginning of reaction--1 and 2, none; 
3, 25 minutes; 4, 45 minutes; 5, 60 minutes. 
Oxygen consumption in c.mm. 
Time 
1  2  Average  3  4  5 
mln. 
5 
10 
15 
20 
25 
30 
6.8 
24.1 
37.8 
55.0 
70.5 
87.7 
8.4 
23.5 
38.6 
55.4 
70.6 
85.6 
7 
24 
38 
55 
71 
87 
9 
23 
35 
50 
68 
84 
10 
27 
42 
55 
67 
81 
11 
23 
42 
54 
73 
84 
succinate  on  the  reaction  curve  of the  controls  (Nos.  1  and  2),  and  so 
determine at what point in their courses reactions 3 and 4 were at the time 
of the addition of succinate.  Fig. 2 shows the results.  There is a definite 
increase" in  the  rate  of oxygen uptake with  the  addition  of succinate,  in- 
dicating that  there is no appreciable  change in  the  activity of enzyme in 
the  course of a  single  reaction. 
To determine the effect of NaCN incubation,  five vessels were prepared. 
Vessels 1 and 2 contained the usual reaction mixture with NaCN and the 
enzyme in the side arm, while in the others the enzyme was mixed in with 
the reaction  mixture  and  the succinate  was placed in the side arm.  The 
reactions in  these last  vessels were started  after varying lengths  of time. 
Table  II  shows  the  results  of  this  experiment.  There  is  no  significant Z.  HADIDIAN  AND  H.  HOAGLAND  93 
difference in the rate of oxygen uptake between the average of vessels 1 and 
2 in which the poisoning was practically instantaneous, and in vessels 3, 4, 
and 5 in which the enzyme had been incubated with NaCN for 15 to 60 
minutes before the beginning of the reaction. 
Results of Temperature Studies 
Normal Enzyme and Enzyme Poisoned with 2.4 ×  10  -7 ~ NaCN 
The results of these experiments are shown in Fig. 3.  Curve I is a com- 
posite  plot,  made in  the manner described in  the procedure, of five ex- 
periments with unpoisoned enzyme extract covering a  temperature range 
of 23°C.  It is obvious that the only curve that can be drawn through the 
points is a  straight line.  The line fits not only the aggregate points, but 
also  the individual  experiments quite  well.  Much of the  scatter of the 
points is probably due to an approximately 5 per cent decline in enzyme 
activity during the day.  It should be recalled that the temperature deter- 
minafions are deliberately scattered throughout the day's run.  This curve 
yields a #  value of 11,200  calories.  The fit is by eye, but a  change in the 
slope of the line, producing a  change in the #  value of 200  calories is no- 
ticeable, and would destroy the goodness of fit.  Other experiments, run 
as controls with NaCN experiments, and yielding #  values about  11,000, 
but consisting of merely three points are not included in this plot. 
Curve IV is a similar composite plot of five experiments with the cyanide- 
poisoned enzyme.  In these experiments 2.4  X  10  -7 ~  NaCN was added 
to each reaction mixture.  Since the normal enzyme yielded a  #  value of 
approximately 11,000,  and since, according to our hypothesis, the #  value 
might be expected to be about 16,000 if the oxidase-activated step were the 
slow step, it was assumed that the dehydrogenase-catalyzed step was the 
slow  step  in  the  normal  enzyme  (a  point  which we  shall  test  further). 
Stotz and Hastings have shown that the addition of 2.0  ×  10  -7 ~  NaCN 
to 0.5 ml. of enzyme inhibits the oxidase activity 64 per cent.  This might 
be sufficient inhibition  to  make the oxidase-catalyzed step the slow step 
in the oxidation of succinate.  Fig. 3, curve IV, yields a/~ value of 16,100 
calories, indicating that the slow step does change as expected. 
Enzyme Poisoned with Varying Concentrations  of NaCN.--We should ex- 
pect  the  ~  value  to  change  abruptly  with  increasing  concentrations of 
NaCN.  Not until enough NaCN is added to make the oxidase-catalyzed 
step the slow step should the/z value shift.  Fig. 3, curves II and III, show 
that this is actually the case.  Curve II is a composite plot of four experi- 
ments with  1.2  ×  10  -7 ~  NaCN.  The /z  value is  11,400,  which is  not 94  CHEMICAL  PACEMAKERS  AND  BRAIN  IRON 
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Fro. 3.  Arrhenius equation plot of a group of experiments on normal and cyanide- 
poisoned enzyme.  Individual experiments have been brought together by shifting the 
lines along the ordinate.  Each symbol represents a different experiment. 
I. tt  =  11,200.  II. tt  =  11,400.  III. g  =  16,100.  IV.  g  =  16,100. 
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FIe.  4.  Arrhenins equation plot  of  a  single  experiment on normal  and cyanide- 
poisoned enzyme. 
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significantly different from 11,200.  Curve III is a  similar plot 0f two ex- 
periments with 1.8 ×  10  -7 ~  NaCN.  The/~ value for this is 16,100. 
Fig. 4  shows the results of a  single experiment with varying concentra- 
tions  of  NaCN.  In  this  experiment  determinations  were  made  simul- 
taneously on the same enzyme preparation poisoned with different concen- 
trations  of NaCN.  The  lines  are  plotted  on  an  absolute  scale,  showing 
changes in absolute rates as well as in/z values.  The top curve shows the 
result  of  determinations  with  the  normal  enzyme.  The  absolute  rate  is 
12.4 c. mm. O,/min.  at 32°C.  The/z value is 11,000 calories.  Addition of 
1.2  X  10  -7 M NaCN to the enzyme lowers the rate of the reaction (to 8.3 c. 
mm. O,/min.  at 32°C.), but does not change the/z value, as shown by the 
middle curve.  This curve was purposely drawn parallel to the top curve. 
It fits perfectly except for the lowest point.  If the concentration of NaCN 
is increased to 2.4  X  10  -7 M, not only is the rate lowered still further  (to 
4.8 c. mm.  O2/min.  at 32°C.), but the/z value is shifted to 15,800 calories 
(bottom curve). 
Enzyme Poisoned with NaCN and Selenite.--If our assumption is correct, 
that  in  the  normal  enzyme the  dehydrogenase-catalyzed step is the  slow 
step, then the addition of selenite to normal enzyme should not change the 
/~ value,  but  the  addition  of sufficient selenite  to  the  enzyme  system al- 
ready poisoned with NaCN should yield a/~ value of about  11,000.  Fig. 
5 gives the results of a  single experiment which shows this to be the case. 
The top curve, the result of an experiment with the normal enzyme, yields 
a  ~  value of 11,400.  Addition of 2.0  ×  10  -~ x¢ of selenite lowers the ab- 
solute rate of the reaction, but does not change the/z value (second curve). 
On the other hand,  the addition of 2.0  ×  10  -7 M NaCN does change the 
/z value to 15,200 (third curve); and the addition of 2.0 X  10  -s ~  selenite to 
the  enzyme  already  poisoned  with  2.0  X  10  -7  M NaCN  changes  the  /z 
value back to 11,400 (bottom curve).  Changes in absolute rates are of the 
same order of magnitude as in the previous experiment. 
Fig. 5, bottom curve, shows a  definite break.  These curves are plotted 
on an absolute scale, and it can be seen that several points on the two lower 
curves coincide at low temperatures.  It is reasonable  to expect that  the 
concentration  of  selenite  used  does  not  poison  the  dehydrogenase  com- 
ponent  to make  the dehydrogenase-catalyzed step the  slow step over the 
entire temperature range, and that the oxidase-catalyzed step may become 
the  slow step at lower temperatures. 
In Fig. 6, curve I, we have a composite plot of three experiments in which 
sufficient cyanide (2.0  ×  10  -7 M) was used to yield the/z of 16,000 calories. 
Simultaneously data for curve II were obtained by using the same amount 0 
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FIG.  5.  Arrhenius  equation  plot  of  a  single  experiment  on  normal  and  poisoned 
enzyme. 
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FIG. 6.  Arrhenius equation plot of a  group of experiments on enzyme poisoned with 
cyanide and with cyanide plus selenite. 
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of cyanide plus enough selenite (2.0 X  10  -6 ~) to make the dehydrogenase- 
catalyzed step the slower of the two.  The ~  value for curve II is 11,400 
calories. 
DISCUSSION 
It is evident that the experimental findings fully confirm the deductions 
made from theory.  To summarize briefly the experimental results, it has 
been shown that: (1) the enzyme system extracted from the beef heart and 
containing two components yields a ~ value of 11,200  4- 200; (2) this value 
changes  to  16,000  ±  200  when the  enzyme is  poisoned with  sufficient 
NaCN;  (3)  this change comes abruptly with increasing concentrations of 
NaCN;  (4) the ~ value shifts back to 11,200 if sufficient selenite is added 
to enzyme already poisoned with enough NaCN to yield a ~ value of 16,0001 
It is safe to state that these results confirm the view that in a  series of 
enzyme-catalyzed steps the slowest step can be the pace-determluing step 
for the entire series. 
In Part I evidence was reviewed showing that the frequencies of so called 
"spontaneous" central nervous rhythms may serve as a relative measure of 
the tissue's metabolism.  The ~  values for alpha brain wave frequencies 
are  shifted by  syphilitic infection from 8  to  11  to  16  thousand calories. 
Since we have shown that endogenous brain iron is partially "precipitated" 
out as a  result of the infection, we might expect an iron catalyzed step 
(such as  that of the cytochrome-cytochrome oxidase system)  to  become 
the rate-determining link resulting in a  ~  of 16,000  calories in advanced 
paresis.  In Part II we have shown that by reducing the activity of some 
of the cytochrome-cytochrome oxidase with cyanide we get a ~  of 16,000 
calories and we have presented evidence that the value of 11,000 calories, 
so often characteristic of tissue oxidations, corresponds to succino-dehydro- 
genase as the rate-controlling factor for 02 consumption.  So far no certain 
statements can be made concerning the enzyme system corresponding to 
8000 calories, although Graubard, Hoagland, and Fox_hall have preliminary 
evidence indicating that this may correspond to copper catalysis in certain 
reactions.  Copper  is  known  to  be  an  important  constituent of widely 
distributed  oxidases.  It  is  present  in  most  animal  cells  including the 
brain  (Elvehjem, 1935). 
Quastel  (1939)  in a  recent review summarizes evidence indicating that 
glucose is probably the only substrate normally involved in brain oxidations. 
The  importance of  the  r61e of the  C,  dicarboxylic  acids,  including the 
succinate-fumarate system has been stressed by Szent-Gy6rgyi (1937)  in 
connection with glucose oxidation in tissues. CHEMICAL  PACEMAKER~  AND  BRAIN  IRON 
Torr6s (1935) finds that cyanide inhibits the respiration of rat brain 97.5 
per cent.  Quastel (1939) writes, "The large inhibitory effect of cyanide on 
brain  respiration points to  the probability  that  the respiration proceeds 
largely  through the  cytochrome-cytochrome oxidase  system.  The  small 
cyanide-insensitive part of the respiration may be due to the activity of a 
flavine system." 
We do not wish to imply that 16,000  +  calories is necessarily always to 
be found associated with the cytochrome-cytochrome oxidase system.  If 
cytochromes a, b, and c act sequentially along with their sequential oxidase 
(possibly copper-containing) step,  this would at  once suggest the possi- 
bility  of  several  other  /~  values  as  temperature  characteristics  for  this 
system.  Approximately 16,000 calories was found under the conditions of 
our experiments.  The prominence of this value in physiological systems 
together with other matters discussed above indicates that its occurrence is 
due to the cytochrome system acting as the slow link in a variety of bio- 
logical oxidations under conditions in which this value is  characteristic for 
the iron-containing cytochrome-cytochrome oxidase system as a whole. 
SUMMARY 
1.  Iron spicules found in the brains of general paretic patients are formed 
from endogenous brain iron normally present in another form.  This sup- 
ports our earlier  view that  the g  value of  16,000  obtained in  advanced 
paretics for alpha brain wave frequencies as a measure of cortical respiration 
comes about from the slowing of an iron catalyzed link in cortical respira- 
tion such as would result from the reduction of available cytochrome and 
its oxidase, thus making this step a chemical pacemaker. 
2.  To test the basic theory of chemical pacemakers, a study was made of 
the succinate-fumarate enzyme system containing succino-dehydrogenase 
and cytochrome-cytochrome oxidase  acting sequentially. 
3.  The/z value for the unpoisoned system is 11,200  4- 200 calories. 
4.  According to theory, the addition of a critical amount of cyanide known 
to be a  specific poison of the cytochrome-cytochrome oxidase system (and 
not of the dehydrogenase) should shift the/z cleanly to 16,000 calories, and 
it does. 
5.  According to theory, selenite, a specific poison for the dehydrogenase, 
should stop all respiration without shifting the #.  This also is found to be 
the case. 
6.  The theory also predicts that if the /z is  shifted from  11,000  4-  to 
16,000  4- by cyanide, the subsequent addition of a  critical  amount of sele- 
nite should shift the/~ back again to 11,000 4- calories, and this is found to 
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7.  It is  concluded that approximately 11,000  calories is the energy of 
activation of the succino-dehydrogenase-catalyzed step and 16,000 calories 
is  that  for  the  cytochrome-cytochrome oxidase-catalyzed  step.  These 
two values are encountered more frequently than any others in physiological 
systems.  It is to be recalled that a  shift of/~ for alpha brain wave fre- 
quencies from 11,000  to  16,000 calories occurs in the course of advancing 
syphilitic brain infection and is accompanied by a change in form of brain 
iron. 
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